The octave illusion occurs when each ear receives a sequence of tones alternating by 1 octave but with the high and low tones in different ears. Most listeners perceive these stimuli as a high pitch in one ear alternating with a low pitch in the other ear. D. Deutsch and P. L. Roll (1976) interpreted this phenomenon as evidence for a what-where division of auditory processing caused by sequential interactions between the tones. They argued that the pitch follows the frequency presented to the dominant ear but is lateralized toward the higher frequency component. This model was examined in 4 experiments. Results indicate that the perceived pitch approximates the fundamental frequency and that the illusion does not depend on sequential interactions. The octave illusion may arise from an interaction between dichotic fusion and binaural diplacusis rather than from suppression as proposed by Deutsch.
The last few decades have witnessed substantial progress in the science of auditory scene analysis. A significant body of evidence now suggests that listeners decompose complex auditory scenes by grouping stimuli according to their proximity in frequency, time, and space (Bregman, 1990) . Under certain conditions, however, conflicts can arise in the analysis of auditory inputs, resulting in powerful illusions. Such anomalies provide a unique insight into perceptual mechanisms and can highlight inconsistencies in established models of auditory function. The octave illusion provides a case in point (Deutsch, 1974) . This illusion arises when a listener is presented with a sequence of tones to each ear that alternate in frequency by one octave. Each ear receives the same sequence but in opposite phase so that the high-and low-frequency tones are always in different ears (see Figure 1A) . Few individuals are able to correctly identify the sequence, with most reporting a single tone that alternates in pitch and apparent location.
1 This perception may also be prone to spontaneous reversals, in which the high and low pitches exchange apparent locations (Deutsch, 1975) . Deutsch and Roll (1976) proposed that the octave illusion results from a conflict between object-based (spectral) and locationbased (spatial) perceptual mechanisms. In their experiment, listeners were presented with an alternating sequence of dichotic octaves through headphones and had to report the pitch and location of the percept. The authors observed that for most participants, the reported pitch corresponded to the sequence of frequencies presented to the right ear, while the reported location corresponded to the ear receiving the higher frequency tone within each dichotic octave (see Figure 1B) . Thus, for these individuals, a reported low pitch to the left ear signified a spectral-spatial conflict because at that moment, the left ear was in fact receiving the higher frequency tone. Deutsch and Roll suggested that this unusual percept arises from an interaction between ear dominance mechanisms for pitch that suppress the train of frequencies in the nondominant ear and high-frequency dominance mechanisms for location that suppress the positional cues provided by the 400-Hz tones (see Figure 1C) . The neural basis for this suppression was attributed to either activity between the auditory pathways or across the cerebral hemispheres (Deutsch, 1983) .
Although parsimonious in its explanation of the octave illusion, the suppression model proposed by Deutsch and Roll (1976) is inconsistent with evidence demonstrating the role of dichotic fusion, rather than suppression, in auditory processing (e.g., Arehart & Burns, 1999; Demany & Semal, 1988; Houtsma & Goldstein, 1972; Perrott, Briggs, & Perrott, 1970; van den Brink, Sintnicolaas, & van Stam, 1976) . In contrast, a substantial literature on ear dominance effects provided the theoretical platform for assuming the involvement of suppressive mechanisms under certain dichotic conditions (e.g., Broadbent, 1958; Efron & Yund, 1974 , 1975 see Lauter, 1983 , for review). These competing sources of evidence raise the question of whether the auditory scene perceived by listeners during the octave illusion is the product of dichotic suppression or dichotic fusion.
As suggested, the literature on ear dominance effects is quite extensive and has not been limited to Deutsch and Roll's (1976) interpretation of the octave illusion. The classic right ear advantage in verbal dichotic tasks (e.g., Broadbent, 1958) may be contrasted with a left ear advantage in identifying dichotically presented musical stimuli (e.g., Kimura, 1964; Spreen, Spellacy, & Reid, 1970) . It is difficult to draw comparisons between these studies because of paradigmatic differences; however, Efron and Yund (1974 , 1975 and Yund and Efron (1975) adopted a similar methodology to the conditions that elicit the octave illusion. In their basic design, listeners were presented with a dichotic chord of low-and high-frequency tones, followed by the same chord reversed between the ears. On each trial, listeners were forced to choose the order of the pitch sequence; that is, whether a high pitch followed a low pitch or vice versa. The dominant ear was identified by correlating the reported pitch sequence to the frequencies presented in each ear. The authors noted that for these reports to systematically reverse, the tone in one ear needed to be attenuated by up to 33 dB sound pressure level (SPL), suggesting that this ear was dominant for determining pitch. In a modification of this paradigm, Deutsch (1980a) examined ear dominance for pitch in the octave illusion and manipulated the sequential interaction between alternating dichotic octaves by introducing intervening tones or silent gaps. Consistent with the results of Efron and Yund (1974 , 1975 and Yund and Efron (1975) , the intensity of the tone in the nondominant ear needed to be considerably louder for listeners to consistently report the opposite pitch sequence. One point of difference between these studies has been the obtained prevalence of ear dominance. The two-trial paradigm implemented by Efron and Yund (1974) has either reported roughly uniform distributions of left ear, right ear, and no ear dominance or a stronger tendency toward left ear dominance (Gregory, 1982; Whittaker, Porter, & Cullen, 1979) . Deutsch (1974 Deutsch ( , 1975 , however, has suggested that most listeners perceive an octave illusion pattern directed by mechanisms of right ear dominance.
Although these studies are generally accepted as providing evidence for ear dominance involving pure tones, two important caveats must be noted with respect to the Efron-Yund (Efron & Yund 1974 , 1975 and Deutsch (1980a) paradigms. First, the ear dominance hypothesis proposed by Efron and Yund (1974 , 1975 assumes that when presented with a dichotic complex, listeners perceive a single pitch resulting from the suppression of frequency information in the nondominant ear. However, Efron and Yund (1975) reported that under certain conditions, listeners were able to segregate the sequences presented to each ear. Critically, the thresholds for hearing split pitch images were never measured. If participants in these experiments were able to hear more than one tone on each trial, then ear dominance effects may have arisen from an attentional strategy to ignore the signals in one ear and report the pitch sequence in the other, even when the signal in the ignored ear was significantly louder than that of the attended ear. The mechanisms underlying this strategy would seem quite distinct from the involuntary dominance mechanisms suggested to heighten the potency of pitch in one ear and suppress the perception of the tones in the other ear (Yund & Efron, 1977) .
Most importantly, however, the principal assumption of ear dominance remains unverified. There is currently no evidence that the single dichotic pitch heard by listeners in these tasks is actually equivalent to the frequency presented to the dominant ear. Specifically, if the octave illusion is elicited by sequences of 800-Hz and 400-Hz tones, then the ear dominance hypothesis predicts that the perceived pitch will alternate between a frequency of 800 Hz (higher) and a frequency of 400 Hz (lower). Without testing this Figure 1 . The auditory sequence that elicits the octave illusion. The presented sequence (A) is perceived by most listeners as a single tone alternating in pitch between the ears (B). According to the suppression model (C), listeners perceive the pitch presented to the dominant ear (italicized) but localize this pitch toward the ear receiving the higher frequency (white border).
crucial hypothesis, it is not possible to verify that the pitch percept during the octave illusion is the product of the suppression relationship proposed by Deutsch and Roll (1976) .
Several studies have shown that rather than being suppressed, dichotic stimuli that exhibit frequency proximity or harmonic relationships fuse into single images (Houtsma, 1979; Houtsma & Goldstein, 1972; Perrott et al., 1970; van den Brink et al., 1976 ; see also Terhardt, 1974) . In a well-known experiment, Houtsma and Goldstein (1972) observed that a two-tone chord split between the ears generated a perception of the missing fundamental, which can only occur when harmonics fuse. Moreover, listeners recognized the fused pitch with equal facility, whether the stimuli were presented dichotically or monotically. The same fusion mechanisms are likely to operate in the case of a dichotic octave, in which the fundamental frequency (e.g., 400 Hz) is presented with the second harmonic (e.g., 800 Hz). In this case, alternate dichotic octaves that contain the same frequency components should be equivalent in pitch (400 Hz), regardless of which ear receives the higher frequency.
Given that mechanisms of harmonic fusion predict no pitch difference between alternate dichotic octaves, the question emerges as to how evidence for harmonic fusion can be reconciled with the variation of pitch during the octave illusion. It could be argued, for instance, that the role of suppression in the octave illusion is self-evident, since how else could alternate dichotic octaves differ in pitch? One possibility involving fusion, however, is that the pitch of the same components differs slightly between the ears, a condition experienced by normal listeners known as binaural diplacusis (Jeffress, 1944; Stevens & Egan, 1941; van den Brink, 1970; Ward, 1963) . Interaural variation in the mapping of frequency to pitch could be sufficient to generate a discriminable difference between the dichotic pitch of each complex, thus resulting in a pitch sequence that alternates closely around the fundamental frequency (van den Brink, 1975a (van den Brink, , 1975b . This prediction might be examined by exploring the magnitude of pitch variation. Do listeners perceive the octave pitch shift predicted by the suppression model or a much smaller shift, as would be expected if the illusion arises from a combination of fusion and binaural diplacusis?
Although no studies have examined the role of binaural diplacusis in the octave illusion, the findings of two studies suggest that dichotic fusion may play a role in the phenomenon. Akerboom, ten Hoopen, and van der Knoop (1985) observed that the apparent position of the lateralized stimuli during the octave illusion was less extreme than predicted by the suppression model. Specifically, it was noted that the angular distance between the stimuli was 30°-60°less obtuse than the expected 180°of a simple left-right alternation. This result draws into question Deutsch and Roll's (1976) proposition that lateralization cues from the ear receiving the nondominant frequency are suppressed. Rather, central mediation of the illusory positions implies a degree of binaural interaction, perhaps similar to established mechanisms of sound localization that result from dichotic fusion (Irvine, 1986) .
Further evidence that the suppression model may be inaccurate was presented by Ross, Tervaniemi, and Näätänen (1996) using event-related potentials (ERPs). In this study, the authors monitored the mismatch negativity (MMN), a negative change in the ERP waveform that originates in primary auditory cortex (AI) and is elicited by an occasional and discriminable change in auditory stimulation (Schröger, 1996) . Listeners were presented with an alternating sequence of dichotic octaves, using 400-Hz and 800-Hz tones, in which an occasional monaural deviant stimulus was embedded. The deviant could be illusion consistent, in which its frequency and ear of reception were consistent with the predictions of the suppression model, or illusion inconsistent, in which the frequency and ear of reception were inconsistent with those of the suppression model. For example, an illusion-consistent deviant that replaced the higher pitch heard on the right was a monaural 800-Hz tone in the right ear. Ross et al. proposed that if the octave illusion originates at or below AI, then presentation of an illusionconsistent deviant should not elicit the MMN because the expected percept would have an identical neural representation to the deviant at the site of ERP measurement. Ross et al. (1996) obtained a significant MMN for both illusionconsistent and illusion-inconsistent deviants and, on this basis, concluded that the octave illusion arises at or above AI. Their interpretation, however, presumes the validity of the suppression model: that the pitch and apparent position of the illusory percept were indiscriminable from the illusion-consistent deviant. If they were in fact discriminable, then all deviants would have been illusion inconsistent and would yield an MMN. Unfortunately, Ross et al. presented no behavioral data relevant to this crucial control. The presence of the MMN in their illusion-consistent condition might therefore represent a failure of the suppression model in assuming that the illusion pattern matches the frequencies presented to the dominant ear or the location of the dominant frequency.
Although the studies by Akerboom et al. (1985) and Ross et al. (1996) do not provide direct evidence for dichotic fusion in the octave illusion, they do raise significant questions about the validity of the suppression model. To further complicate matters, the ear dominance literature contains several ambiguous claims. For example, Deutsch (1978) stated that when presented with a continuous dichotic octave, "most listeners will perceive both tones and lateralize them correctly" (p. 184). However, in a later article, Deutsch (1988) proposed that "such complexes would tend to fuse dichotically, so as to produce unitary lateralized images" (p. 365). Similar inconsistencies appear in earlier literature. For instance, Efron and Yund (1975) refer to the single pitch percept listeners reported as being fused, despite interpreting their results as a suppression of frequency information in the nondominant ear.
2 In a more recent article, Lamminmäki and Hari (2000) observed that out of 12 listeners, not one was able to correctly describe a single dichotic octave of 400-Hz-left and 800-Hz-right pure tones. This recent finding supports the notion that dichotic octaves perceptu-2 One reason for this ambiguity may lie in the use of the term fusion throughout the psychoacoustic literature. For instance, fusion has been defined as broadly as "hearing only a single stimulus when two are presented" (Repp, 1976, p. 457) . Because dichotic fusion and dichotic suppression each predict a single pitch percept during the octave illusion, this nomenclature requires some refinement. The labels of suppression and fusion have been adopted in the present article to emphasize the distinctly different perceptual outcomes of these two processes. One could just as easily label both fusion and suppression as different types of fusion, with the explanation of the octave illusion proposed by Deutsch (1980a Deutsch ( , 1980b Deutsch ( , 1981 arising from the perceptual prominence of one stimulus in the fused percept (see Repp, 1978) . ally fuse and should form a pitch equivalent to the fundamental frequency rather than to the frequency in the dominant ear (Houtsma & Goldstein, 1972) .
Over four experiments, we sought to determine whether the octave illusion, as perceived by the majority of listeners, is more consistent with the suppression or fusion accounts. In Experiment 1, subjective descriptions of the octave illusion were gathered. In Experiment 2, the role of binaural diplacusis in the pitch of dichotic octaves was examined. In Experiment 3, listeners undertook a pitch-localization task to gauge the degree of perceptual segregation or fusion that occurs during sequential dichotic presentation. In Experiment 4, the perceived pitch and location of the stimuli heard during the octave illusion were probed using a discrimination reaction-time paradigm. To anticipate, the results across all experiments favored an interpretation of the octave illusion involving dichotic fusion rather than suppression.
Experiment 1: Subjective Report
The suppression model proposed by Deutsch (1974 Deutsch ( , 1975 Deutsch ( , 1978 Deutsch ( , 1980a Deutsch ( , 1980b Deutsch ( , 1981 Deutsch ( , 1983 Deutsch ( , 1988 and Deutsch and Roll (1976) has been entirely based on subjective reports. The collection of such data, although arguably insufficient as the sole experimental tool, does provide an important foundation for objective psychophysical investigation. In the present experiment, we presented listeners with a range of auditory stimuli and asked them to provide informal reports concerning the pitch, location, and any other notable aspects of their perception.
At the outset, it is useful to consider which stimuli are most effective at eliciting the octave illusion and thus are the most appropriate for obtaining subjective reports. Although the phenomenology of the illusion is sensitive to spectral manipulations (Deutsch & Roll, 1976) , several previous investigations have suggested that the illusion is highly robust across a range of temporal parameters, including (a) changes in stimulus duration, (b) the presence of interstimulus intervals, and (c) the obligatory application of stimulus amplitude ramps when interstimulus intervals are used. For instance, in the original report of the octave illusion by Deutsch (1974) , listeners were presented with alternating sequences of 400-Hz and 800-Hz tones, each 250 ms in duration and without amplitude ramps or silent intervals between stimuli. In a later investigation, however, Deutsch and Roll (1976) elicited the illusion reliably in 35 listeners using sequences of 250-ms tones separated by 250-ms silent intervals. These conditions have since been replicated by Akerboom et al. (1985) , who produced the illusion with alternating sequences that included 10-ms amplitude ramps and either 100-, 150-, or 200-ms silent intervals. Together, these studies suggest that the octave illusion is maintained across a wide range of temporal parameters. Nevertheless, a range of stimulus durations and interstimulus intervals was incorporated in the present study to further examine this issue.
In addition to manipulating various stimulus conditions, we also tested a simple prediction of the suppression model: If the perceived pitch during the octave illusion is equivalent to the frequencies presented to the dominant ear, then the perceived difference between high (800 Hz) and low (400 Hz) pitches should approximate one octave.
Method
Participants. One ambidextrous and 14 right-handed individuals (6 women, 9 men), aged 18 -49 years, were paid for their participation. All participants had normal audiograms (Ͻ 15 hearing level [HL] between 250 Hz and 8000 Hz) according to Australian Standard 1591 .2-1987 (Standards Association of Australia, 1987 . For all listeners, the difference between left and right thresholds at each of the tested frequencies was never greater than 2 dB SPL. Eight of the 15 participants had received at least 4 years of accredited musical training in either voice, piano, or flute (according to the Australian Music Examinations Board classification system). Although no listeners were left-handed, 3 reported having nonright-handed relatives.
Apparatus and stimuli. An IBM-compatible 486 DX computer controlled the timing and presentation of auditory stimuli. Sinusoidal tones were generated by a TDT Sys-II digital signal generator at a sampling rate of 200 kHz and were then channeled through a PA4 attenuator and relayed to a HB6 headphone buffer for presentation. All stimuli were presented over a calibrated pair of Sennheiser 535 headphones with low cushioning in a sound-attenuated chamber. Tones were presented at four durations, including 200 ms, 250 ms, 400 ms, and 800 ms. For each duration, separate sequences were presented with and without an interstimulus interval equivalent to the duration. We verified the spectral purity of the stimuli by sampling the headphone outputs at a rate of 100 kHz with a B&K 0.25-in. (0.64-cm) microphone and subjecting 200 ms of steady-state signal to Fourier analysis. This examination revealed identical energy distributions between the left and right headphones, spectral peaks at the desired frequencies, and an absence of harmonic distortion. All signals were presented at 70 dB SPL, with a 5-ms cos 2 rise-fall envelope. Procedure. Participants were tested individually and provided information concerning their extent of musical training or experience and the handedness of family members. Four phases of reporting then followed. First, single dichotic octaves consisting of 400-Hz and 800-Hz tones were presented, and participants described several characteristics of the stimuli, including the number of tones being presented and the apparent position(s) of the(se) tone(s). These decisions were repeated for each tone duration. Second, the dichotic octaves were presented in an alternating sequence of 40 tones. Listeners initially heard the entire sequence and described their perception on completion. The sequence was then repeated, and listeners tapped in beat to the pitch configuration (e.g., Tap in time with the higher pitch) or perceived location (e.g., Tap in time with the left tone). These conditions were repeated for sequences with and without interstimulus intervals at each of the four stimulus durations. Reports in this phase were collected for dichotic sequences beginning on each of the two dichotic octaves: a 400-Hz tone in the left ear presented simultaneously with an 800-Hz tone in the right (400L800R) and an 800-Hz tone in the left ear presented with a 400-Hz tone in the right (800L400R). In the third phase, listeners were questioned on the reversibility of the pitch and position of the illusion, which has been likened by Deutsch (1975) to the visual reversibility of the Necker cube. In the fourth phase, listeners compared the pitch interval in a sequence of the octave illusion to diotic sequences containing the intervals of either one octave (400 Hz and 800 Hz) or one semitone (400 Hz and 424 Hz). The derivation of this task followed initial informal testing, which suggested that estimates of the pitch variation during the octave illusion were initially quite difficult for listeners, particularly for those without musical training. The pitch interval comparison task, although rudimentary, enabled all listeners to assess the octave illusion pitch variation quickly and confidently. The octave comparison interval was chosen as the percept most appropriate to the predictions of the suppression model and because it represented the largest likely pitch variation that listeners would perceive during the illusion. The semitone comparison interval was selected on the basis of providing a slight pitch shift that was both simple to detect and easy to discriminate from the octave comparison interval.
Results
Subjective reports were purely qualitative and were not statistically analyzed. Verbal descriptions of single dichotic octaves and the octave illusion exhibited no dependency on tone duration, the presence of regular silent intervals, or the order of dichotic octave presentation. This result confirms previous findings by Deutsch and Roll (1976) , Deutsch (1980a) , and Akerboom et al. (1985) that the phenomenology of the octave illusion is affected neither by the presence of silent intervals nor by the application of amplitude ramps.
Participant details and verbal reports are summarized in Table 1 . During single presentation of the 400L800R dichotic octave, 13 listeners reported a single lateralized tone and 2 listeners reported a different pitch in each ear. All 15 listeners described the 800L400R dichotic octave as a single tone, with 12 listeners reporting the tone lateralized and 2 describing a single central pitch.
During presentation of the octave illusion, 12 of the 15 listeners described the sequence as a high pitch toward the right ear alternating with a low pitch toward the left ear. One listener reported a high-left, low-right configuration, and 2 listeners described a single pitch alternating laterally. Two listeners (K.J. and J.M.) reported spontaneous reversals, with the high-and low-pitched tones exchanging apparent locations. Nine of the 15 participants reported being able to consciously reverse the location of the tones; for each, however, the default configuration returned after a short break. In comparing the pitch shift in the octave illusion with an octave and a semitone interval, 11 of 13 listeners reported the difference as less than one octave. Of the 8 musically trained listeners, 3 reported a pitch difference of one semitone (1/12th octave), 2 reported a pitch difference between an octave and a semitone, 2 reported a pitch difference of one octave, and 1 reported no pitch difference. Nine listeners lateralized the tones toward the ear receiving the lower frequency (400 Hz), and 6 listeners lateralized the tones toward the ear receiving the higher frequency (800 Hz). For 8 of 13 listeners, the reported pitch alternation correlated with the frequencies presented to the left ear; for the remaining 5 listeners, the opposite correlation was observed.
Discussion
Of the 15 listeners recruited in Experiment 1, not one reported the percept of the octave illusion described by Deutsch (1974) , in which a single pitch alternated between the ears, with the higher pitch toward the right, the lower pitch toward the left, the pitch variation equivalent to one octave, and the percept lateralized toward the higher frequency component within each dichotic octave. This perceptual configuration is henceforth referred to as the standard percept. Instead, 11 of 13 listeners in Experiment 1 reported a pitch variation during the illusion more similar to a semitone (400 -424 Hz) than one octave (400 -800 Hz), and more listeners lateralized the stimuli toward the lower frequency component within each dichotic octave. Before discussing the implications of our specific findings, it is important to consider why this discrepancy between the subjective reports in our study and those observed by Deutsch may have arisen.
The first point to note is that our results do not conflict with the majority of published investigations into the octave illusion. Very few studies have classified or selected listeners on the basis of reporting the standard percept and have instead collected reports of a much simpler perceptual configuration. For instance, Deutsch (1978) selected participants for investigation "on the basis of perceiving a single high tone in the right ear alternating with a single low tone in the left ear at least 95% of the time" (p. 184), Results consistent with ear dominance for pitch and high-frequency dominance for perceived location appear in bold. LH ϭ left-handedness; 400L800R ϭ 400-Hz tone in the left ear presented simultaneously with an 800-Hz tone in the right ear; 800L400R ϭ 800-Hz tone in the left ear presented simultaneously with a 400-Hz tone in the right ear; F ϭ female; mixed ϭ both right-and left-handedness; freq ϭ frequency; M ϭ male.
with no requirement to report an octave pitch variation or to localize the percept toward the higher frequency component (see also Deutsch, 1988) . In a later study, Deutsch (1980a) adopted the same criteria, with listeners selected if they reported "a single high tone alternating with a single low tone" (p. 221). Similar methods were used in the work of McClurkin and Hall (1981) , who classified listeners as susceptible to the illusion if they reported a pattern of single pitches that shifted in apparent location. In a further study of 250 undergraduates, Deutsch (1983) classified listeners into four categories on the basis of their reporting either "a high tone on the right alternating with a low tone on the left," "a high tone on the left alternating with a low tone on the right," "a tone switching from ear to ear with no change in pitch," or "none of the above" (p. 290), again with no requirement to report an octave pitch variation. A more recent investigation by Ross et al. (1996) classified listeners as perceiving the "expected illusory description" of the eliciting stimuli if they reported "an alternating sequence of single high and low tones, with the high tone lateralized in the right ear and the low tone in the left ear" (p. 304). On the basis of these definitions, the subjective reports of 12 of 15 participants recruited in Experiment 1 would be regarded as consistent with the standard percept.
With past methodologies in mind, the results from Experiment 1 indicate the potentially misleading notion of the standard percept. Many participants in previous experiments may have perceived pitch differences of substantially less than one octave or perceived lateralization patterns that differed from the standard configuration. To our knowledge, only two previous investigations have explicitly measured the magnitude of pitch variation during the illusion. One study is the initial account of the octave illusion by Deutsch (1974) , which reported that of 53 right-handed listeners, 58% perceived an octave pitch shift. However, the method used to obtain these magnitude estimates was not described, except for 2 musically trained listeners with absolute pitch who transcribed their perception into musical notation. It seems unlikely that all listeners in this study were able to report the pitch variation in this way. Our own informal investigations suggested that the pitch shift during the illusion is difficult to judge initially, even for most musically trained listeners, which motivated the development of a pitch-difference comparison task. A method such as this, which enables listeners to estimate the pitch variation indirectly, is likely to generate more accurate subjective reports.
A second study of note is Huang, Pastore, and Hall's (1992) report that listeners perceive "only small shifts in pitch" (p. 2374) during the octave illusion. Although their method for obtaining pitch variation estimates was not reported, it is interesting to note the agreement between their subjective pitch results and ours. Thus, the standard percept of the octave illusion may represent a much smaller proportion of subjective reports than is generally assumed. In keeping with the majority of past studies, we suggest that the illusion pattern of fundamental interest is a single high pitch in one ear alternating with a single low pitch in the other-a perception reported by 13 of the 15 listeners in Experiment 1. This is not to suggest that an octave pitch variation may not be perceived by some listeners; rather, the current evidence suggests that most listeners perceive a much smaller shift.
Taken together, the results of Experiment 1 are inconsistent with the ear dominance hypothesis for pitch and with Deutsch and Roll's (1976) assertion that the position of the higher frequency tone dominates the illusory locus. Instead, these observations suggest that the perceived pitch sequence in the octave illusion may be formed from a fused dichotic fundamental frequency (Houtsma & Goldstein, 1972) . Under a fusion interpretation, the pitch of each dichotic octave should approximate 400 Hz, which does not immediately explain why the two chords differ in pitch. As noted in the introduction, however, a small pitch difference between alternate dichotic octaves might arise because of binaural diplacusis. This possibility was examined in Experiment 2.
How might the lateralization patterns in the present results be explained? One potential clue lies in the lateralization of single dichotic octaves reported by most participants. This observation suggests that the right-left alternation in the octave illusion may originate as a bias in dichotic processing and may not be caused by sequential interactions. Two lines of evidence support this possibility. First, for 12 of our 15 listeners, the direction of this initial bias was consistent with the perceived position of the same dichotic octave in the octave illusion. Second, Lamminmäki and Hari (2000) also observed lateralization biases in single dichotic octaves for some listeners. These findings contrast with the interpretations of Deutsch (1978 Deutsch ( , 1980a Deutsch ( , 1988 , who has claimed that the octave illusion depends on sequential interactions. In Deutsch's (1978 Deutsch's ( , 1980a Deutsch's ( , 1988 ) studies, listeners judged dichotic sequences by location or pitch as either beginning with a left percept and ending with a right percept (and vice versa) or beginning with a high pitch and ending with a low pitch (and vice versa). In Deutsch (1978) , listeners were 19% less consistent in making lateralization judgments if the sequence length was reduced from 20 tones to two, leading to the conclusion that sequential interaction between alternating dichotic octaves drives the lateralization tendency. Our findings, and those of Lamminmäki and Hari, suggest an alternative explanation for Deutsch's (1978) result. Sequencing per se may have imparted no effect on the lateralization percept, but repeated alternations may have enabled a lateralization decision to be made with greater certainty by providing the listener with more information.
In Deutsch (1988) , a reduction in response consistency of approximately 10% occurred when the usual octave illusion sequence was replaced with a sequence of 20 dichotic octaves that not only alternated but also differed in absolute register (e.g., 400L800R then 1200L600R). The author concluded that the lateralization percept is not only influenced by sequential interactions but also depends on repeated alternations of the same dichotic octave. Superficially, these results appear to provide some support for the influence of sequential interactions. Again, however, we may question the assumption that the consistency of subjective reports directly relates to the perception of the illusion. For example, listeners may have tried to remain consistent in their judgments from trial to trial, introducing a bias that would increase response consistency. Because no efforts were dedicated to controlling response bias and no tests or corrections for bias were included in the analysis, the interpretations of this study and others using this methodology (e.g., Deutsch, 1978 Deutsch, , 1980a remain in doubt (Macmillan & Creelman, 1991) .
It is noteworthy, however, that even if response bias was absent from Deutsch's (1988) study, subjective reports in her 400L800R: 1200L600R condition remained 25% more consistent than would be expected if no lateralization was occurring. Hence, were the previous limitations of the methodology to be ignored, this result could be interpreted as support for lateralization in the absence of sequential interactions. We suggest, however, that any unequivocal interpretation of subjective report consistencies is problematic. From the results of Lamminmäki and Hari's (2000) experiment and the verbal reports obtained in Experiment 1, we propose that sequential interactions may have little influence on lateral shifts during the octave illusion.
Experiment 2: Interaural Pitch Difference and the Octave Illusion
The tendency for most listeners in Experiment 1 to perceive a slight pitch alternation rather than the octave shift predicted by the suppression model suggests that the octave illusion may arise from dichotic fusion rather than from competition. The phenomenon of binaural diplacusis, or interaural pitch difference (IPD), provides a possible explanation for this aspect of the illusion. An IPD exists when the same stimulus is perceived as a different pitch in each ear (Jeffress, 1944; Stevens & Egan, 1941; van den Brink, 1970) . The IPD is obtained empirically by having listeners match the pitch of a repeating tone in one ear (the matching tone) to the pitch of a repeating tone in the other ear (the reference tone).
Electrophysiological evidence suggests that the IPD may arise from structural irregularities in the peripheral auditory system, with a magnitude of 3% rarely exceeded in normal listeners (van den Brink, 1970; Zweig & Shera, 1995; Zwicker, 1990) . Psychoacoustic investigations have demonstrated that the IPD for pure tones is directly related to the perceived pitch formed through monotic or dichotic fusion of tones into complex sounds (van den Brink, 1975a (van den Brink, , 1975b . Consequently, if the perceived pitch during the octave illusion results from dichotic fusion, then the single auditory image produced by each dichotic octave (400L800R vs. 800L400R) should be computed by central auditory mechanisms sensitive to the IPD of the contributing tones. The binaural pitch of each chord-and the pitch difference perceived during the octave illusion-should therefore depend on the IPD for the 400-Hz and 800-Hz components.
Experiment 2 tested the hypothesis that the octave illusion pitch difference correlates with the direction of the IPD. The magnitude of the IPD was measured for each listener, for both the 400-Hz and 800-Hz tones, and compared directly with the subjective reports obtained in Experiment 1.
Method
Participants. One ambidextrous and 7 right-handed listeners (7 men, 1 woman), aged 18 -37 years, were paid for their participation. All participants had taken part in Experiment 1.
Apparatus and stimuli. The timing and presentation of auditory stimuli was identical to Experiment 1. All signals were presented at 70 dB SPL for 200 ms, with a 200-ms interstimulus interval between each reference tone and subsequent matching tone. A circular dial connected to the motion sensor on a serial mouse board was used for frequency adjustment. The minimum frequency step was Ϯ 0.5 Hz for the 400-Hz matching tone and Ϯ 1.0 Hz for the 800-Hz matching tone. The initial frequency of the matching tone was set 12.5% above or below the frequency of the reference tone. A blue circle was presented on the screen, simultaneous with each matching tone during the sequence.
Procedure. Listeners were tested individually and performed pitch matches in two phases. In the first phase, we obtained monaural pitch matches at 400 Hz and 800 Hz to gauge the baseline variability and extent of any monaural discrepancy between the reference frequency and the adjusted frequency. In the following phase, listeners equalized the pitch of the same stimuli across the ears. During the binaural matching phase, the ear receiving the matching tone was varied across blocks, with listeners performing matches from left to right and right to left for both the 400-Hz and 800-Hz stimuli. Trials were completed in blocks of 20, with a rest period between each trial. Within each block, the frequency and position of the reference tone was held constant while the initial frequency of the matching tone was randomly varied, with 50% of trials beginning above the reference tone frequency (ϩ12.5%) and 50% of trials beginning below (-12.5%). Instructions to participants emphasized accuracy of responses. Listeners performed the task autonomously, controlling the duration of intertrial rest periods and the onset of each trial. Little practice was required for proficiency in the monaural phase, although some listeners required 1-2 hr of practice in the binaural phase before stable results were obtained. Overall, participants performed 3-5 hr of testing over three to five sessions.
Results
In the present study, the IPD was calculated by subtracting the average monaural pitch match from the average binaural pitch match in each condition, producing a measure of the IPD independent from monaural variations between the reference and adjusted frequencies. This approach differs from previous methods, which have gauged the IPD relative to the frequency presented in the opposite ear rather than its pitch (e.g., van den Brink, 1965 van den Brink, , 1975a van den Brink, , 1975b . The IPD (%) is thus conventionally defined as
where F Ref is the frequency of the reference tone and F BinMatch is the adjusted frequency of the matching tone in the opposite ear. Because F Ref is a measure of the reference frequency rather than pitch, monaural pitch shifts and pitch-matching bias are ignored in this analysis, despite being likely to contribute to the IPD. The monaural pitch shift (MPS) can be calculated separately for each ear as
where F MonMatch is the frequency of the monaural pitch match and F Ref is the frequency of the reference tone in the same ear. In the present calculations, the influence of monaural pitch shifts was controlled by subtracting MPS from IPD Freq , for conditions with left and right matching tones. 3 This correction prevents monaural variation of the frequency-pitch relationship from being confounded with interaural variation. The corrected formula for the IPD is therefore
The overall IPD was calculated as the average difference in IPD Pitch between left-to-right (L3 R) and right-to-left (R3 L) matching conditions. Specifically, this was formulated as
This final IPD coefficient represents the percentage pitch difference in hertz between the ears for the same signal. The serial autocorrelation of pitch matches within blocks never exceeded .04 for any listener, satisfying the independence assumption for within-subject comparisons. We therefore conducted nondirectional paired t tests on individual data to determine whether IPD Pitch(L3 R) /2 differed significantly from IPD Pitch(R3 L) /2 and, hence, whether the IPD Pitch(Total) coefficient differed significantly from zero. These results are presented in Table 2 . Of the 6 listeners who reported a pitch shift during the octave illusion, all demonstrated significant IPDs. For each of these participants, at least one of the frequency components in the higher pitch dichotic octave had a significantly higher pitch in the ear receiving this component than in the opposite ear. For the 2 listeners who reported no pitch difference during the octave illusion, no significant IPDs were observed.
Discussion
For all 8 listeners, both the magnitude and direction of the IPD corresponded to the pitch differences during the octave illusion reported in Experiment 1. The hypothesis that the IPD may be involved in the perception of pitch during the octave illusion is therefore supported. 4 Because IPD was not experimentally controlled during this experiment, we cannot conclude that the IPD causes the pitch difference during the octave illusion. Nevertheless, these findings support the theory that asymmetry in the frequency-pitch relationship across ears results in a slight difference between the central pitches of alternate dichotic octaves. To this extent, the results are consistent with an explanation of the octave illusion in terms of dichotic fusion rather than suppression.
Experiment 3: Sequential Interactions and Segregation of Dichotic Complexes
The subjective reports obtained in Experiment 1 and the pitchmatching results from Experiment 2 each raise doubts about Deutsch and Roll's (1976) proposition that the pitch percept during the octave illusion mirrors the sequence of frequencies at the dominant ear and that the apparent location of this pitch corresponds to the ear receiving the higher frequency tone. To investigate the binaural interaction of these tones in detail, we conducted a psychophysical experiment that examined the effect of sequential interactions on the perceptual fusion and segregation of dichotic sequences.
Previous studies of dichotic fusion fall into a number of categories. One approach has been to calculate a fusion threshold (e.g., Perrott et al., 1970; van den Brink et al., 1976) . In Perrott et al. (1970) , this threshold was obtained by having listeners decide whether one or two tones were presented on a given trial, with a one-tone response indicative of dichotic fusion and the frequency difference between the tones the primary manipulation. These studies did not target dichotic fusion that occurs as a result of the harmonic relationships between tones; rather, the emphasis is on the proportional frequency separation between tones (⌬f/f) necessary to prevent fusion. An alternative method that specifically targets harmonic fusion was used by Houtsma and Goldstein (1972) and Houtsma (1979) , who correctly hypothesized that higher order harmonics split between the ears should, like monaural complexes, generate a recognizable periodicity pitch (or missing fundamental; see Moore, 1997 , for a review). In addition, Semal (1988, 1990) reported the existence of specific auditory templates for octave intervals, indicating that harmonic relationships not only promote dichotic fusion, but that the degree of fusion depends on the degree of harmonicity.
The well-established precedent that dichotic harmonically related two-tone complexes perceptually fuse contrasts with the suppression model of the octave illusion, which holds that dichotic inputs are suppressed instead of fused. Deutsch (1978 Deutsch ( , 1988 4 The opposite direction of the IPD between 400 Hz and 800 Hz may strike the reader as strange or unusual. It may be noted, however, that more comprehensive investigations of binaural diplacusis have revealed a steady pseudosinusoidal oscillation in the direction and magnitude of the phenomenon as signal frequency is increased (van den Brink, 1975a (van den Brink, , 1975b resolved this conflict by postulating that dominance mechanisms arise from the sequential interaction between alternating dichotic octaves: mechanisms that presumably override normal fusion. In the face of considerable evidence for dichotic fusion, the suppression model therefore relies heavily on the influence of sequential interactions. We examined the relationship between harmonicity and sequential interactions using a frequency-segregation task. Listeners were presented with a dichotic two-tone complex at one of four harmonic intervals (including the octave) and identified which ear received the higher or lower frequency. These factors were fully crossed with three sequencing conditions: (a) the nonsequenced condition, in which the decision followed the presentation of a single dichotic chord, (b) the repeated-sequence condition, in which the decision followed a repeating sequence of the same dichotic chord, and (c) the alternating-sequence condition, in which the decision followed a sequence of the same dichotic chord repeatedly reversed across the ears. Under these three sequencing conditions, the presence of total dichotic fusion or suppression should reduce dichotic frequency segregation to chance levels (50%) because listeners would hear only a single pitch. Alternatively, the ability to segregate the partials by ear should benefit performance.
We proposed two central predictions in this experiment. First, segregation of dichotic complexes should improve in the repeatedsequence condition compared with the nonsequenced condition, as successive stimuli are streamed by pitch and ear into separate lateral events (Bregman, 1990) . This condition therefore provides a ceiling control for optimal performance. Second, if the suppression model is correct, then listeners should revert to chance-level performance during the octave illusion because the stream of frequency information received by one ear is argued to be suppressed and hence unavailable for comparison with the frequency received by the opposite ear.
Method
Participants. One ambidextrous and 7 right-handed listeners (5 men, 3 women), aged 18 -49 years, were paid for their participation. All participants had taken part in Experiment 1.
Apparatus and stimuli. The method of stimulus presentation was identical to Experiments 1 and 2. All stimuli were presented for 200 ms over headphones. Dichotic chords consisted of four frequency ratios: 1.3 (perfect 4th), 1.5 (perfect 5th), 2 (octave), and 4 (double octave). These intervals were applied to the standard frequencies of 400 Hz and 800 Hz in equal proportions. Consequently, on any trial, at least one tone was presented at the standard frequency of 400 Hz or 800 Hz. The proportion of upward and downward deviations from each standard frequency was matched. The total extent of frequencies tested ranged from 100 Hz (lower component of a -4 ratio at a standard frequency of 400 Hz) to 3200 Hz (higher component of a ϩ4 ratio at a standard frequency of 800 Hz).
Procedure. All listeners were tested individually in a sound-attenuated chamber. Each of the three sequencing conditions was separately blocked. Within conditions, separate runs of trials were conducted for the two response prompt types (i.e., Which ear received the higher [lower] pitch?) , and the order of harmonic intervals was randomized across the run. In the nonsequenced condition, a trial consisted of a visible warning signal presented 500 ms prior to the onset of a single dichotic chord, which was presented for 200 ms and followed by the response prompt. In the repeatedsequence condition, the same chord was repeatedly presented prior to the pitch decision, with a 200-ms interstimulus interval and with the sequence length randomly set at either 15 or 16 tones. In the alternating-sequence condition, the tones were continuously reversed across the ears, such that each ear received the same sequence but in opposite phase. In this condition, listeners observed an on-screen visual countdown, presented simultaneously with each dichotic chord, from the seventh-to-last stimulus (5) to the third-to-last stimulus (1), inclusive. On the second-to-last trial, the word READY was presented, followed by the word NOW on the final trial, which required perceptual analysis. To prevent the first stimulus cuing the final stimulus, we randomly set the sequence length at either 15 or 16 tones.
During each nonsequenced session, listeners performed 64 practice trials prior to data collection, followed by 640 trials, including rest periods every 64 trials. The first entire nonsequenced session was treated as a practice session and was repeated. In each of the sequenced sessions, listeners performed 64 practice trials followed by 320 trials, with rest periods every 32 trials. To control for practice effects, we alternated the order of sequencing conditions and response conditions within subjects and counterbalanced this order across the entire sample. Feedback was never provided to listeners in either practice or experimental blocks. This manipulation was introduced to prevent listeners from using the apparent location of the pitch percept (particularly in the octave illusion condition) as a cue to which ear received the higher or lower frequency. In total, each listener performed approximately 16 hr of testing across 16 sessions, with the proportion of correct responses for each subcondition calculated from 160 data points each.
Results
Prior to inferential analysis, we adjusted the proportion of correct responses, p(c), for each listener to account for lateral response bias within each subcondition, thus producing a true sensitivity statistic (Macmillan & Creelman, 1991 Examination of Figure 2 reveals that across all harmonic intervals, listeners performed correctly on a greater proportion of trials in the repeated-sequence condition than in both the nonsequenced and alternating-sequence conditions. Both effects attained statistical significance by way of Bonferroni comparisons (both ps Ͻ .01). However, performance in the nonsequenced and alternatingsequence conditions did not appear to differ ( p ϭ .99). Within the octave interval, the proportion of correct identifications was virtually identical for the nonsequenced (.62) and alternatingsequence (.61) conditions but higher for the repeated-sequence condition (.69). Performance at the octave interval significantly 5 The partial eta-squared ( p 2 ) coefficient is a measure of effect size and is calculated as the proportion of the effect plus error variance that is attributed to an effect: SS effect /(SS effect ϩ SS error ). exceeded the 50% chance level for both the nonsequenced condition, 2 (1, N ϭ 1,280) ϭ 73.1, p Ͻ .01, and the alternatingsequence condition, 2 (1, N ϭ 1,280) ϭ 63.9, p Ͻ .01. The nearly significant interaction between sequencing condition and harmonic interval appeared to arise from a performance improvement between interval ratios of 1.3 and 1.5 under the repeated-sequence condition compared with either an unaltered or reduced performance across these intervals for the other sequencing conditions.
Bonferroni comparisons between harmonic intervals indicated that the proportion of correct identifications at the double octave significantly exceeded performance at intervals of a 4th ( p Ͻ .01), a 5th ( p Ͻ .01), and an octave ( p ϭ .03). The same analysis indicated significantly improved performance at the octave interval than at both 4th ( p Ͻ .01) and 5th ( p ϭ .01) intervals. No significant difference in proportion correct was observed between 4th and 5th intervals ( p ϭ .99).
Discussion
As expected, stimuli within the repeated-sequence condition appeared to be streamed by ear, facilitating superior performance across all harmonic intervals relative to the other sequencing conditions (Bregman, 1990) . Not surprising was that performance generally improved as the frequency difference between left and right signals was increased.
The most surprising result from this experiment was the capacity listeners demonstrated to correctly segregate the octave illusion sequence by ear, despite reporting a standard single-image percept. Frequency and location information about the separate components therefore appears to be partially preserved, despite the influences of either dichotic fusion or suppression. This finding might be explained by the division between analytic and synthetic listening (Terhardt, 1974) . The instructions to segregate the stimuli may have shifted the attention of participants from a synthetic mode of listening, in which the complex tones were heard as a single pitch, to an analytic mode, in which the streams were partially dissected and analyzed. The effects of analytic listening in this task could be interpreted in various ways. For instance, through directing attention at segregating the inputs, listeners may have succeeded in accessing spectral information at a level of neural processing prior to the completion of either fusion or suppression. Although conjectural, this interpretation is consistent with evidence suggesting that auditory attention feeds back from the auditory cortex to subcortical circuits, such as the olivocochlear bundle, and may be able to manipulate low-level spectral representations (Maison, Micheyl, & Collet, 2001; Mulders & Robertson, 2000) . Alternatively, the influence of analytic listening could be interpreted as a higher level manipulation and decomposition of a dichotically fused representation. The various possible roles of attention in the illusion suggested by these explanations could be explored by having listeners undertake a similar task to this experiment but with an added search component that either enhances or reduces their capacity to attend analytically to the presented sequence.
In addition to their performing above chance during the octave illusion, it is also striking that listeners were able to segregate dichotic octaves with equal facility, whether the stimuli were presented in isolation or at the end of an octave illusion sequence. This experiment therefore provides no evidence that mechanisms of dichotic fusion or suppression are affected by sequential interactions between alternating dichotic octaves. Because the suppression account depends on sequential interactions, the absence of such an effect leaves the suppression model facing two possibilities: (a) that suppression causes the octave illusion but is not dependent on sequential interactions-a proposition contradicted by extensive literature on dichotic fusion-or (b) that suppression does not cause the octave illusion.
Both of these outcomes are inconsistent with the interpretations of Deutsch (1978 Deutsch ( , 1980a Deutsch ( , 1988 , which assume that sequential interactions and suppression underlie the octave illusion. As we outlined previously, however, the reliance on subjective report data in these studies is questionable. In all these previous experiments, it was assumed that the capacity to report the perceived sequence remained constant while only its perception varied. This assumption may be incorrect for two reasons. First, the experimental treatments included variations in the length of tone sequences. This manipulation alters the amount of information presented to listeners, which could affect the certainty, and thus the consistency, of subjective reports without altering processing of the illusion. Second, the subjective report methodology would have been susceptible to response bias. In the absence of objective psychophysical techniques, we suggest that subjective reports do not provide a sufficiently robust evidential foundation on which to explain the octave illusion.
Experiment 4: Auditory-Deviant Reaction Time
In Experiment 4, we again examined the conflict between suppression and fusion in explaining the octave illusion, but this time we used a different psychophysical paradigm. We constructed a method, termed ABC reaction time (RT), in which the letters A, B, and C are auditory stimulus classifiers. In this task, listeners Figure 2 . Mean psychometric functions for dichotic frequency segregation, collapsed across all 8 listeners and plotted as a function of the harmonic ratios 1.3 (4th), 1.5 (5th), 2 (octave), and 4 (double octave). Separate lines are plotted for the nonsequenced, repeated-sequence, and alternating-sequence conditions. Error bars represent Ϯ1 standard error of the mean.
responded as rapidly as possible to a deviant stimulus (C) embedded within a standard sequence (ABABAB). Properly controlled, the detectability of C within the sequence is indicative of the percept that C replaces. For instance, if C replaces A and is matched closely to A on relevant dimensions, then a detection cost for C would be expected. In this way, the perceptual characteristics of the octave illusion stimuli can be inferred from the detectability of various types of deviance.
The ABC RT task allows a direct comparison of suppression and fusion accounts of the octave illusion because the models predict different perceptual characteristics of the sequence. Under the fusion model, any pitch shift during the octave illusion is very slight, and, therefore, the perceived pitch should not deviate far from the fundamental frequency (i.e., ϳ400 Hz low, ϳ400 Hz high). Under the suppression model, the pitch shift is one octave, with the pitch equivalent to the frequency presented to the dominant ear (i.e., ϳ400 Hz low, 800 Hz high). If the suppression model is correct, then a deviant of 800 Hz that replaces the higher pitch of the illusion pattern should be difficult to detect. By contrast, if dichotic fusion is occurring, then a deviant of 800 Hz should be relatively easy to detect because the expected pitch is never 800 Hz. In this experiment, we included deviants at 400 Hz and 800 Hz and also varied the apparent positions of the tones from left to right. Lateral deviations were evenly distributed, with 50% occurring ipsilateral and 50% contralateral to the perceived position of the replaced standard. Because the ipsilateral deviant was consistent with the expected position, it was labeled congruent. The contralateral deviant, in contrast, occurred on the opposite side to the replaced standard and was labeled incongruent. This spatial manipulation was introduced for two reasons. First, it was intended to minimize pop-out ceiling effects that might arise from extreme spatial discordance between the expected percept and the deviant. Second, it allowed a basic examination of the lateralization shift observed in the illusion.
Method
Participants. One ambidextrous and 6 right-handed listeners (4 men, 3 women), aged 18 -37 years, were paid for their participation. All participants had taken part in Experiment 1 and all reported a pitch variation during the octave illusion.
Apparatus and stimuli. The method of stimulus presentation was identical to that of previous experiments. All stimuli were presented for 200 ms over headphones, with a 200-ms interstimulus interval. Standard frequencies were either 400 Hz or 800 Hz, with deviants at 400 Hz, 800 Hz, and 2 kHz. The 2-kHz deviant was included as a control condition to establish ceiling-level discrimination RT. The 400-Hz and 800-Hz deviants were offset to the left or right of the subjective midline by applying an interaural time delay (ITD) of 600 s and 450 s, respectively, to diotic inputs. These ITDs were judged by listeners to place the 400-Hz and 800-Hz tones at approximately equivalent eccentricities. No ITD was applied to the 2-kHz deviant. The response device was the left button of a Microsoft 2.0A serial mouse. A constant 39.7-ms delay from button press to computer registration was recorded and subtracted from all obtained RTs. Procedure. All listeners were tested individually in a sound-attenuated chamber and were instructed to respond as quickly as possible to a deviation from the normal tone sequence. Prior to each block, listeners received 30 practice trials containing the same standards and deviants as the upcoming block. Deviant frequency was blocked across sessions, and the order of block presentation was counterbalanced across listeners. Blocks containing 400-Hz or 800-Hz deviants consisted of 100 trials each, with rest periods every 50 trials. Within blocks, 50% of sequences contained a deviant, which occurred randomly after 9 -19 stimuli and replaced either the 400L800R or 800L400R dichotic octave. Following the occurrence of a deviant, sequences continued in phase until 20 stimuli had been presented. For blocks containing 400-Hz or 800-Hz deviants, lateral deviations to the left and right were presented in equal proportions and the order of their occurrence was randomized. Separate blocks of 50 trials were presented containing only the 2-kHz deviant (50% occurrence), which was presented at a central apparent position (0 ITD). In all blocks, deviantpresent trials in which a miss or false alarm occurred were replaced. Across blocks, listeners made 25 correct responses for each subcondition of deviant frequency, deviant position, and expected pitch, over 4 -5 hr of testing.
Results
Across the sample, listeners committed false alarms on 1.16% of trials and missed deviants on 0.16% of trials. To minimize withingroup variation in the RT results, we formulated an index of detection cost for each listener and then averaged all costs over the sample. To calculate this index, we subtracted the mean 2-kHz RT from each individual 400-Hz and 800-Hz RT data point within listeners.
We conducted a three-way repeated measures ANOVA on the mean RT cost, including the within-subjects factors of deviant frequency (400 Hz, 800 Hz), expected pitch (high, low), and deviant position (congruent, incongruent) . This analysis revealed a significant main effect for deviant frequency, F(1, 6) ϭ 21.7, p Ͻ .01, p 2 ϭ .78, and a significant interaction between expected pitch and deviant position, F(1, 6) ϭ 99.6, p Ͻ .01, p 2 ϭ .94. No other main effects or interactions approached statistical significance at ␣ ϭ .05. Figure 3 displays the RT results across listeners as a function of deviant frequency and expected pitch, collapsed across deviant position. A clear trend is apparent for faster RTs to 800-Hz deviants than to 400-Hz deviants. Analysis of simple main effects revealed that listeners detected the 800-Hz deviant significantly faster than they did the 400-Hz deviant, whether expecting the low octave illusion pitch, F(1, 6) ϭ 9.1, p ϭ .02, p 2 ϭ .60, or the high octave illusion pitch, F(1, 6) ϭ 10.7, p ϭ .02, p 2 ϭ .64. Figure 4 illustrates the interaction between expected pitch and deviant position, collapsed across deviant frequency. When expecting the high octave illusion pitch, listeners appeared to be faster at detecting deviants in the same hemispace as the expected position (congruent) than the unexpected position (incongruent). However, when expecting the low pitch, the opposite trend is apparent. Analysis of simple main effects indicated that within the incongruent condition, the RT cost was significantly greater when participants expected the high pitch than when they expected the low pitch, F(1, 6) ϭ 7.6, p ϭ .03, p 2 ϭ .56. When listeners expected the high pitch, they were significantly faster at detecting deviants on the congruent side than on the incongruent side, F(1, 6) ϭ 10.2, p ϭ .02, p 2 ϭ .63. The opposite trend when listeners expected the low pitch failed to reach significance, F(1, 6) ϭ 3.6, p ϭ .10, p 2 ϭ .38, as did the difference in RT cost between high-6 An external timer with a resolution of 10 s was used to calculate the delay between the manual press of the left mouse button and computer registration of the button press. Full details of this method have been reported elsewhere (see Chambers & Brown, in press). and low-pitch expectancies on the congruent side, F(1, 6) ϭ 1.2, p ϭ .32, p 2 ϭ .16.
Discussion
The results from this experiment are again inconsistent with the suppression model of the octave illusion. The most striking result arose from the analysis of deviant frequency, which indicated that even when listeners were expecting the higher pitch of the octave illusion, a 400-Hz deviant was more difficult to discriminate from the sequence than was an 800-Hz deviant. It would appear reasonable to conclude, then, that both the high and low pitches during the octave illusion more closely approximate 400 Hz than 800 Hz. 7 This outcome is consistent with a dichotic fusion model but contrary to Deutsch and Roll's (1976) hypothesis that the perceived pitch matches the frequency presented to the dominant ear.
In addition to the principal finding, the RT cost associated with the discrimination of deviants in incongruent positions, relative to those in congruent positions, indicates that detection was sensitive to the lateral relationship between standards and deviants. In particular, because listeners were slower to detect deviants presented on the same side as the previous standard, this result could be interpreted as an inhibition in shifting selective attention back to a previously attended location. The inhibition of return (IOR) phenomenon generally occurs when the onset time between cue and target stimuli exceeds 300 ms and is well documented in both visual (Bennett & Pratt, 2001; Gibson & Egeth, 1994; Posner & Cohen, 1984; Tipper, Driver, & Weaver, 1991) and auditory modalities (Mondor, Breau, & Lynn, 1999; Mondor, Breau, & Milliken, 1998; Mondor, Terrio, & Hurlburt, 2000; Mondor, Zatorre, & Terrio, 1998) . Mondor, Breau, and Milliken (1998) demonstrated the existence of auditory IOR for both frequency and location, although this was found for stimuli presented in external space rather than over headphones.
The confirmation of IOR effects during the octave illusion would have two important implications. First, it would provide the first demonstration of auditory IOR involving non-free-field spatial cuing. Second, it would demonstrate that lateral shifts during the octave illusion influence, or are influenced by, the allocation of auditory spatial attention. Clearly, these conclusions are beyond the scope of the present results because (a) the onset asynchrony between stimuli was not manipulated and (b) the effect was restricted to conditions in which listeners were expecting the high pitch. The absence of the same effect when listeners were expecting the low pitch is not easily explained. One possibility is that the lateral positions of the 400-Hz and 800-Hz deviants better corresponded to the perceived position of the lower rather than higher octave illusion pitch. Consequently, when the deviant directly followed a high pitch standard (i.e., when listeners were expecting the low pitch), the spatial correspondence between the high pitch and the deviant may have been insufficient to cause IOR. Alternatively, the high octave illusion pitch may simply have had a less clearly defined position than the low pitch.
7 It may be argued that listeners also used the change in timbre of each deviant as a detection cue (Bismarck, 1974; Singh, 1987; see Bregman, 1990 , for a review). Although this is certainly possible, it seems likely that a 400-Hz tone would have a more similar timbre to a 400-Hz periodicity pitch than to an 800-Hz suppression pitch (although we know of no studies that have examined this directly). Thus, the influence of a timbre cue in the present results is consistent with a dichotic fusion interpretation, assuming that the codependency between pitch and timbre in other domains is preserved during the octave illusion (Bregman, 1990) . Further insights on the role of timbre in the octave illusion may be found in a study by McClurkin and Hall (1981) . These authors replaced the 400-Hz tone in each dichotic octave with a complex tone of sharper timbre but lower pitch. During alternating sequences, listeners reported the same illusion pattern in this condition as they did in the standard illusion condition. McClurkin and Hall's results therefore suggest that the alternation in what listeners describe as pitch is not likely to be confused with accompanying changes in timbre. In summary, this experiment has two main implications. First, the RT results are inconsistent with the pattern of pitch variation predicted by the suppression model and instead support a dichotic fusion explanation in which both high and low pitches during the illusion approximate the fundamental frequency. Second, perceived lateral shifts during the illusion may be associated with shifts of auditory spatial attention, as evidenced by the possible influence of IOR in the present results.
General Discussion
The central aim of the present study was to test Deutsch's (1974 Deutsch's ( , 1978 Deutsch's ( , 1980a Deutsch's ( , 1988 Deutsch & Roll, 1976) influential proposal that the octave illusion arises from a division between object-and location-based decision mechanisms in auditory function. Three central postulates of this model were examined: (a) that the perceived pitch variation of the octave illusion is equivalent to the sequence of frequencies presented to the dominant ear, (b) that the apparent position of the percept is driven by a lateralization dominance for the higher frequency component, and (c) that this relationship emerges from sequential interactions between alternating dichotic octaves. These hypotheses were tested in the context of a theoretical rift between the suppression model and established theories of harmonic fusion (e.g., Houtsma & Goldstein, 1972) .
Across four experiments, our main results can be summarized as follows. In Experiment 1, listeners reported a pitch variation during the octave illusion that was considerably smaller than the octave shift predicted by the suppression model. In Experiment 2, a correspondence was observed between the direction of IPD for the separately presented components of each dichotic octave and the pitch variation reported by listeners during the illusion. Different configurations of dichotic octave might therefore generate different fused pitch images because the same stimuli within each complex differ in pitch. In Experiment 3, listeners were found to be capable of segregating the octave illusion by ear when forced to identify which ear received the higher or lower frequency component of a dichotic octave. In addition, it was found that listeners performed equally effectively at this task, whether the dichotic octave was presented in isolation or as part of the alternating sequence that produces the octave illusion. Because the suppression model assumes that sequential interactions are crucial to the illusion, the apparent absence of their influence in this experiment seems inconsistent with a suppression account. Finally, in Experiment 4, a response cost was demonstrated in discriminating a 400-Hz deviant from the octave illusion sequence, whether the deviant replaced the higher or lower illusory pitch. This result was also taken as evidence against the suppression model, which predicts a pitch difference of one octave; by contrast, the same result is entirely consistent with a dichotic fusion account in which both high and low pitches during the illusion approximate the fundamental frequency.
Could it be argued that these results are not able to address the suppression model because the stimulus parameters in the present study differed from those used in Deutsch's (1974) original report of the octave illusion? 8 As noted in the introduction to Experiment 1, Deutsch (1974) initially elicited the illusion using sequences of alternating dichotic octaves in which all stimuli were presented for 250 ms, without amplitude ramps and with no silent intervals between frequency transitions. In Experiments 2, 3, and 4 of the present article, however, the octave illusion was elicited using sequences in which all stimuli were presented for 200 ms, with 5-ms amplitude ramps and with 200-ms silent intervals separating frequency transitions. Could the different stimulus parameters used in the present study have somehow altered the illusion? We suggest that this possibility is highly unlikely, given the range of temporal parameters that have been successfully used in previous studies of the octave illusion. For instance, in the study that formally developed the suppression model, Deutsch and Roll (1976) elicited the octave illusion in 35 listeners using 250-ms tones and 250-ms silent intervals. Note that these conditions included both longer tone durations and longer silent intervals than in the present investigation. Therefore, it seems unlikely that stimulus durations or silent intervals were too long in the present study to provide an assessment of the suppression account. We also note that in a later study, Deutsch (1980a) inserted silent intervals of 750 ms in the illusion sequence and obtained virtually identical subjective reports to those obtained using sequences without intervals. Furthermore, Akerboom et al. (1985) experimented with sequences that included stimulus durations of 100 ms and silent intervals between 100 ms and 200 ms; critically, the authors noted that the octave illusion was unaffected by these short pauses. In conclusion, previous methods and observations suggest that the present results are unlikely to have arisen from degradation of the illusory percept.
Having raised significant doubts about the suppression model, we are left to speculate on the mechanisms that produce the octave illusion. It seems clear that dichotic octaves do perceptually fuse and that their pitch remains close to the central fundamental frequency predicted by established theories (Houtsma, 1979; Houtsma & Goldstein, 1972) . If the pitch difference is caused by an interaction between dichotic fusion and the IPD, then half of the illusion can be explained by peripheral asymmetries, probably at the level of the cochlear partition (Zweig & Shera, 1995; Zwicker, 1990) . This theory accords well with the small pitch variations reported in Experiment 1 and the detection cost for 400-Hz deviants observed in Experiment 4.
One caveat, however, to the general applicability of the suggested fusion model is the complex phenomenology of the octave illusion across listeners (Deutsch, 1974) . It may be argued that an explanation in terms of the IPD is applicable only to those listeners who perceive pitch shifts of consistently less than one octave. Given the high proportion of suboctave pitch shifts observed in Experiment 1, we suggest that further experimentation is needed to confirm Deutsch's (1974) report of octave pitch shifts and to determine whether listeners who report octave shifts process the illusion differently to other listeners. Furthermore, future investigations of this question need to use objective methodologies and avoid sole reliance on subjective reports (see Yund, 1982 , for further discussion). If verification of octave pitch shifts should emerge from objective psychophysics, then the octave illusion may arise from a fusion-suppression continuum, perhaps in parallel to the co-occurrence of fusion and ear dominance that has been observed in dichotic speech research (e.g., Cutting, 1976; Repp, 1976 Repp, , 1978 . Under this framework, a balance between fusion and suppression mechanisms might shape the phenomenology of the illusion. Within listeners, this interaction could manifest as a continuum, with the perception of the illusion determined by an immediate balance between fusion and suppression processes. One way in which evidence for a continuum within listeners might emerge would be if changes in pitch-shift magnitude during the illusion could be shown to accompany spontaneous reversals. Alternatively, if the balance is hardwired within listeners, then an interaction between fusion and suppression could be distributed throughout the population, perhaps in relation to handedness (Deutsch, 1983) . Note, however, that this issue is beyond the scope of the present article.
Compared with the observed pitch shifts, the lateralization aspect of the illusion is less easily explained by the present results. Experiment 1 disconfirmed the high-frequency dominance for position proposed by the suppression model, with more listeners in fact showing the opposite correlation. Many listeners also reported lateral displacement of single dichotic octaves. This observation alone suggests that sequential interactions are not necessary to induce lateral shifts of the pitch percepts. The apparent absence of sequential interactions during the illusion in Experiment 3 strengthens this argument. Experiment 4 indicated that switching of the illusory positions might elicit shifts of auditory spatial attention, as evidenced by the possible presence of IOR. Together, these results suggest that the lateral displacement of fused dichotic octaves may originate from processing in low-level areas of binaural integration, such as the superior olivary complex. This would not, of course, preclude the fused image from being influenced by higher level processes. The auditory system contains numerous centrifugal pathways, extending from auditory cortex through the medial geniculate body, colliculi, olivary regions, back to the cochlea, some of which are suggested to play a role in selective attention by modulating midbrain and auditory nerve responses or even the activity of cochlear hair cells (Maison et al., 2001; Mulders & Robertson, 2000; see Huffman & Henson, 1990, and Pickles, 1988 , for reviews). The innate structure of the auditory system, combined with evidence that spatial attention is applied covertly in audition (see Spence & Driver, 1994) , suggests that the study of selective attention in this context may be fruitful.
